Is the meaning of an expected stimulus manifest in brain activity even before it appears? Although theories of predictive coding see anticipatory activity as crucial for the understanding of brain function, few studies have explored neurophysiologically manifest semantic predictions. Here, we report predictive negative-going potentials before the onset of action (i.e. whistle and hand clap) and non-action (i.e. pure tone, water drop) sounds. These prediction potentials (PP) indexed the meaning of action-related sounds. Dependent on the body-part-relationship of sound stimuli, neural sources were relatively more prominent in dorsal or ventral motor areas. In contrast, meaningless sounds (pure tones) activated predictive sources in temporal areas close to the auditory cortex; complex environmental sounds induced an anticipatory positivity broadly distributed over the scalp. We also found a systematic relationship between predictive activity and a Mismatch Negativity (MMN) like response to unexpected meaningful words which were presented as rare deviant stimuli amongst frequently repeated sounds. This deviant-elicited potential indexed semantic priming between action sounds and action-related words and semantic mismatch (prediction error). These results suggest a systematic link between perceptual/semantic prediction and matching mechanisms in the processing of sounds and words.
Introduction
In the last decades, there has been a substantial increase of interest in predictive coding (PC), even suggesting that mechanisms of PC may pave the way towards a possible 'unified brain theory' (Friston, 2010) . The general idea underlying PC is that the brain would exploit a generative model allowing top-down predictive activation in addition to bottom-up activity elicited by external stimuli (Heilbron and Chait, 2017 ). The generative model operating at the neuronal level, would, therefore, pre-activate the cortical representation of an expected stimulus allowing, then, the evaluation of this pre-activation given the actual sensory input (Mumford, 1992) . When a discrepancy between the pre-activated cortical representation and the sensory input emerges, a prediction error signal may appear. The Mismatch Negativity (MMN), an event related potential (ERP) elicited by unpredictable violations (i.e. a deviant sound) of auditory regularities (i.e. standard, predictable sounds), has been interpreted as a signature of prediction error (Lieder et al., 2013; N€ a€ at€ anen et al., 2007) . If the pre-activation represents the term for comparison for the system to decide whether a stimulus perception represents an error or not a direct neurophysiological signature of prediction before standard sound presentation is needed. Previous studies reported preliminary evidence of such an index, which resembled the Readiness Potential (RP) (Grisoni et al., 2016; Kilner et al., 2004) , a slow wave potential with a well-known characterization in terms of latency (i.e. traditionally before action/movement onset), polarity (i.e. negative), and shape (i.e. smoothly growing with highest amplitudes at the point in time in which the action starts), which typically precedes voluntary movements (Deecke et al., 1969) . In a previous study, we observed similar anticipatory activity before the onset of acoustic stimuli when participants were expecting frequently repeated standard sounds indexing human-actions (i.e. whistle, footstep sounds), but not in anticipation of natural, non-action, sounds (i.e., the sound of a water drop) (Grisoni et al., 2016) . These results leave open the possibility that this kind of predictive RP-like response is selective for human-action sounds; as an alternative, it could occur with a broader range of stimuli. Furthermore, it needs to be clarified whether the RP reflects the predictive pre-activation of specific (action) sound representations, or, alternatively, rather generic stimulus expectation.
One possible explanation for the lack of negative slow wave potentials before predictable natural non-action sounds could be the widely distributed nature of cortical representations processing complex meaningful sound stimuli and a high variability across participants (Engel et al., 2009) . Note that a meaningful environmental sound (e.g. a dripping tap) may activate a variety of individual memories, including acoustic and visual ones, together with autobiographical, conceptual, and action-related memories, varying across individuals and contexts (e.g., a situation when an individual was fixing a leaking tap). A wide range of cortical areas responding to a stimulus are difficult to reveal with standard source localization methods, as they typically use the spatial derivate of potential distributions. To activate more focal cortical sources, simple acoustic stimuli, such as single frequency 'pure' tones, can be used. As the auditory system, including the auditory cortex, is well-known to be tonotopically organized (Manoussaki et al., 2008; Talavage et al., 2004) , more focal cortical pre-activations in, as well as close to, the bilateral superior-temporal auditory cortex can be expected for pure tones. This would contrast with the presumably more widespread and variable cortical representations of meaningful natural sounds unrelated to actions. Finally, the cortical representations which might be pre-activated for expected human-action sounds might invoke very specific motor or action knowledge (Keysers et al., 2003; Kohler et al., 2002) , which may even be reflected in different motor areas given different effectors are involved (Hauk et al., 2006) . Therefore, action-related sounds might activate neuronal representations located in somatosensory and motor areas representing body part effectors involved in action perception and execution (i.e. somatotopic mapping).
We hypothesized to observe slow waves with negative polarity before the onset of predictable standard sounds reflecting the pre-activation of corresponding cortical representations for human-action and non-action (pure tone) sounds. Topographically, we expected to find respective activation pattern in specific motor and auditory cortical areas. Note again that a negative slow wave in anticipation of motor movement or action, the readiness potential, RP, or the contingent negative variation (CNV), are typically observed when participants have to actively perform an action (Deecke et al., 1969; Walter et al., 1964) . Although RP-and CNV-like slow waves have occasionally be seen in perceptual tasks (Grisoni et al., 2016; Kilner et al., 2004) , the use of these terms (RP and CNV) to refer to brain signatures of purely perceptual predictions, might be seen as, to a degree, misleading. As the hypothesized anticipatory slow-wave potentials would index the pre-activation of the cortical representations of specific sounds in the absence of any behavioral response, it may be unambiguous and advantageous to introduce a novel term, 'Prediction Potential', or PP. This new term stresses the predictive nature of the expected brain index and allows to distinguish this electrophysiological index from the aforementioned motor-related slow-wave responses. A further motivation for a new term comes from our results reported below, as both the polarity and the cortical sources of the PP sometimes differed from those of the RP. In case of violation of expectation and prediction, for example by appearance of a rare 'deviant' stimulus following a series of repeated 'standard' stimuli, prediction error responses are expected. These prediction error responses may be of similar topographical specificity as the prediction potentials. Importantly, there should be a systematic relationship between prediction and prediction error responses.
In this study, prediction violations were investigated at the cognitivesemantic level, by presenting two German words as rare deviant stimuli (i.e. reden ((to) talk) and Regen ((the) rain) that allowed us to investigate two different prediction error responses. Early deviant stimulus responses, before words could be recognized (i.e. within 200 ms from acoustic word onset, see Methods), would reflect the prediction error response due to perceptual differences between the word-initial speech sounds perceived and the pre-activated cortical representations. Furthermore, a second prediction error response, the late deviant stimulus response, which typically appears within 200 ms after a word can first be recognized (see Methods) (Pulvermüller et al., 2005) , was expected to appear. This component would reflect the semantic modulation depending on the relationship between the meaning of the word and the sound context. Previous work has shown such semantic modulation of word-evoked MMNs dependent on action sound context (Grisoni et al., 2016) . Action words activate specific sections of somatosensory and motor areas, where the effectors involved in performing the action indicated by the word are represented (i.e. somatotopic mapping) (Hauk et al., 2004) . Therefore, the face-related action word reden (to talk) was expected to show a weaker late deviant stimulus response in the body part-congruent condition (i.e. whistle) compared to the other two focal representation conditions (i.e. hand clap and pure tone). This was expected due to the partially overlapping representations in somatosensory and motor face-areas of face-related sounds words (see Table 1 ).
Materials and Methods
Participants. Twenty-five healthy adults (mean age 32.9 years, AE11.4 SD; 15 females) participated in this study. Participants were monolingual German native speakers with normal hearing, normal or corrected-tonormal visual acuity, and motor control. None of the participants had a record of neurological or psychiatric disease. Datasets from 3 participants were excluded, due to technical problems during data acquisition or because of low signal-to-noise ratios (SNR <2). Therefore, data from 22 participants (mean age 31.9 years, AE11.1 SD; 14 females), all of them strongly right-handed, as determined by the Edinburgh Handedness Inventory (Oldfield, 1971 ) (mean laterality quotient 85 AE 15.6 SD), were included in the electroencephalography (EEG) analysis. All participants who took part in this study provided written informed consent. Procedures were approved by the Ethics Committee of Charit e Universit€ atsmedizin, Campus Benjamin Franklin, Berlin, Germany.
Stimuli, Apparatus and experimental design. The experiment was programmed using E-prime 2.0.8.90 software (Psychology Software Tools, Inc., Pittsburg, PA, USA). It consisted of four experimental blocks of 10 min length each. The spoken words 'reden' (English: to 'talk') and 'Regen' (English: 'rain') appeared in a distraction-oddball paradigm in which four different standard sounds were repeatedly presented (Pulvermüller et al., 2001) . As standard stimuli, we used three natural sounds: a whistle, a hand clap and a water drop sound plus a non-natural sound: a sinusoidal pure tone with a fundamental frequency (F0) of 1000 Hz; the sounds had a similar length of~265 ms. The selection of the natural sounds was determined by a preliminary screening in which pilot participants had to verbally label the stimuli; all participants in the pilot screening study correctly identified the natural sounds, used in the EEG study. Furthermore, correct stimulus classification of the natural sounds was ascertained by asking EEG participants to verbally label each of the three standard stimuli after the EEG recording.
Furthermore, after the EEG recording, participants were presented one by one with the standard sounds from the study and the following semantic ratings had to be made (translated from German): (1) "How strongly are the following sounds related to face actions?" (2) "How strongly are the following sounds related to hand/arm actions?" and (3) "How strongly are the following sounds related to water?" Participants had to listen to the stimuli, randomly presented, and click, with the left button of the mouse, on a continuous visual analogue scale (VAS) ranging from 0 (weak) to 100 (strong). The order of the sounds was randomized, as was the order with which the three semantic ratings were administered to participants. The scores from the VAS ratings were analyzed by a repeated-measures ANOVA with one three-level factor VAS (i.e. the three rating dimensions: face-relatedness, hand-relatedness, water-relatedness) and with one four-level factor Sound (i.e. whistle, hand clap, pure tone, water drop). This analysis revealed a main effect of Sound (F 3,63 ¼ 25.4, p < 0.001, ηp 2 ¼ 0.5) due to lower scores for the pure tone as compared to the whistle (p < 0.001), hand clap (p < 0.001) and water drop (p < 0.001) sounds. Furthermore, the rating dimension (i.e. face-relatedness, handrelatedness, water-relatedness; factor VAS) and the type of sound (i.e. whistle, hand clap, pure tone, water drop; factor Sound) interacted significantly. (F 6,126 ¼ 59.4, p < 0.001, ηp 2 ¼ 0.7). Bonferroni planned comparisons revealed higher ratings for natural sounds. Particularly the whistle sound was rated as being more associated to face actions compared to the hand clap (p < 0.001), pure tone (p ¼ 0.001) and water drop (p ¼ 0.001) sounds. Similarly, the hand clap sound was rated as more associated to hand actions compared to the whistle (p < 0.001), pure tone (p < 0.001) and water drop (p < 0.001) sounds. Finally, the water drop sound was rated as more water-related compared to the whistle (p < 0.001), hand clap (p < 0.001) and pure tone (p < 0.001) sounds.
The two critical spoken words 'reden' and 'Regen' were chosen for their acoustic, phonological and word frequency similarity and were further matched for word length (both 550 ms), F0 frequency (~240 Hz), and sound energy (RMS). Sixteen healthy pilot participants (mean age 25.6 years, AE4.4 SD; 9 males), all native speakers of German and not partaking in the EEG experiments, were presented with gates of increasing length (20 ms) to obtain the first point in time when acoustic signals allowed for unique identification of the critical words (i.e. 'reden' and 'Regen') (Warren and Marslen-Wilson, 1987) . Results revealed that the first point in time in which at least 75% of participants were able to recognize the words correctly was at 460 ms after word onset of 'reden' and at 400 ms for 'Regen'.
The EEG study consisted of 4 experimental blocks, their order was counterbalanced between participants. In each block, one of the nonlinguistic sound stimuli (i.e. whistle, hand clap, pure tone and water drop) was the frequently repeated standard sound and the two words were equiprobable deviants. The deviant stimuli were presented randomly after 2, 3, 4, 5, 6, 7, or 8 standard presentations. The two deviants occurred 70 times each during each block, the standard stimuli occurring 645 times. The SOA between any 2 standards and between a standard and the subsequent deviant was 650 ms. After each deviant stimulus, one standard was omitted because the deviant filled most of the SOA to the subsequent standard sound. However, note that the latest word-related response (i.e. late deviant stimulus response) occurred at 548 ms for the word 'reden' and at 564 ms for the word 'Regen' (see Data analysis), that is, substantially before the end of the typical SOA (650 ms), so that any omission-related MMN would only follow the time windows analyzed. All acoustic stimuli were presented binaurally, through high-quality headphones (Ultrasone HFI-450 S-LOGIC TM , Wielenbach, Germany), at a comfortable hearing level. As a standard procedure in MMN research, participants were instructed to focus their attention on a silent movie, free of human actions, presented throughout the EEG recording, and to ignore all sound stimuli. To ensure that all participants paid attention to the silent movie, they were monitored during the entire recording process through a camera. In addition, participants were asked three unannounced control questions about specific meticulous details of the movie after finishing the EEG experiment. All participants correctly answered these questions, thus confirming that they had paid attention to the movie. The experiment was conducted in the electrically and acoustically shielded chamber of the Brain Language Laboratory at the Freie Universit€ at Berlin. Outside the chamber, a personal computer (PC) controlled stimulus presentation, timing, and pseudo-randomization by using E-Prime 2.0.8.90 software (Psychology Software Tools, Inc., Pittsburg, PA, USA). Inside the chamber, a separate PC was used to show the silent movie to participants, who were seated at a distance of 1 m from the monitor.
Electrophysiological recordings and Pre-processing. The EEG was recorded with 64 active electrodes (actiCAP system, BrainProducts, Gilching, Germany), with the following modifications: the reference was moved from the FCz position to the nose tip, and the electrode occupying the Oz position was replaced in the empty FCz position. The P09 and PO10 electrodes position were reassigned as EOG channels; these posterior electrodes were chosen because they generally did not show any meaningful responses to auditory stimuli in previous experiments. The EOG was recorded with one electrode placed below the left eye and one placed at the right outer canthus of the right eye therefore, during the EEG recording, the EOG channels had the same reference as all the other EEG electrodes. All electrodes had impedances lower than 10 kΩ. Data were amplified and recorded using BrainVision Recorder software (version: 1.20.0003; Brain Products GmbH) with a pass-band of 0.1-250 Hz and a sampling rate of 1000 Hz. Data were stored on a disk.
Offline analysis started with data down-sampling to 500 Hz. Afterwards, independent component analysis (ICA), with the default infomax algorithm 'runica' (Bell and Sejnowski, 1995) , as implemented in EEGLAB 13 (Swartz Center for Computational Neuroscience: htt p://www.sccn.ucsd.edu/eeglab), was carried out on all the 64 electrodes. A component was considered to be artifactual when its topography showed peak activity only over the horizontal or vertical eye electrodes and when it showed a smoothly decreasing power spectrum, which is typical for eye movements (Delorme and Makeig, 2004) . On average, 2.1 (range: 1-4) components out of 64 were removed from each participant's dataset. After calculating the independent components, eye artifact components were removed from EEG data using the standard function implemented in EEGLAB 13. After ICA, off-line analysis was performed with BrainVision Analyzer (Brain Products GmbH, Munich, Germany). The electrophysiological signal was offline filtered with Butterworth zero phase filter with a digital 20 Hz low-pass filter and with a notch filter at 50 Hz (24 dB/oct) that is typical for both MMN and the slow brain potentials (Kappenman and Luck, 2012) . Since the only previous publication on anticipatory signal before human-action sounds in a MMN paradigm (Grisoni et al., 2016) reported a PP starting~200 ms before the expected perception, trials were epoched from 250 ms before deviant sound onset to 900 ms after. The first 50 ms of the segmentation were used as baseline (Grisoni et al., 2017) . Epochs with voltage fluctuation of >100 μV and those contaminated with artifacts due to amplifier clipping, burst of electromyographic activity, or alpha power were excluded from averaging by a semiautomatic rejection procedure, Table 1 Each of the four sound context conditions, whistle, hand clap, pure tone and water drop. The second column shows whether the PP was expected (þ) or not (À). The next two columns show whether enlarged early-or late-MMNlike were expected (þ) or not (À).
amounting to approximately 6% of all trials.
Data analysis
Pre-stimulus anticipatory activity. The event-related activity before sound onset was tested as the brain's electrophysiological index of human-action and non-action sound expectation, and to investigate the functional link of the deviant stimulus responses to the PP. The PPs mean amplitudes (in microvolts) were extracted from the last 60 ms immediately before deviants onset and averaged across 9 central electrodes (FC1, FCz, FC2, C1, Cz, C2, CP1, CPz, CP2), where the PP is known to be largest and, therefore, the best signal-to-noise ratio can be expected (Deecke et al., 1969) . First, t-tests against zero were preformed for all 4 conditions to determine whether any anticipatory potential was significant at these electrodes. We looked at both negative and positive deviation from the baseline, and added further analyses in case anticipatory shifts were present at non-canonical recording sites. Second, a repeated-measures ANOVA with one four-level factor Sound (whistle, hand clap, pure tone, water drop) was performed. Potential differences in topographical PP distributions during sound expectations, as expected for the anticipatory activity (Grisoni et al., 2017) , were tested on the mean amplitude extracted from the last 60 ms before sound onset, from a larger array of fronto-parietal electrodes (F7, F3, Fz, F4, F8; FT7, FC3, FCz, FC4, FT8; T7, C3, Cz, C4, T8; TP7, CP3, CPz, CP4, TP8; P7, P3, Pz, P4, P8) by means of a 4 Â 5 x 4 repeated-measures ANOVA with the factors Sound (whistle, hand clap, pure tone, water drop) Gradient (anterior-posterior, five levels) and Laterality (left-right, four levels).
Source localization. Because our main prediction addressed modality specific cortical activation in somatosensory and motor cortices, relevant for different sound predictions, it was crucial to estimate and compare the sources of the observed neurophysiological responses. To this end, the ERP topographies showing significantly different activation patterns between expected sound types were further analyzed by calculating distributed cortical sources using standard methods implemented in SPM12 (Litvak et al., 2011) . As any distributed source localization, this method cannot overcome the non-uniqueness of the inverse problem (von Helmholtz, 1853), but successfully uses established priors for providing plausible source solutions for cognitive experiments. The template structural MRI included in SPM was used to create a cortical mesh of 8196 vertices, which was then co-registered with electrode cap space using the following three electrodes as fiducials: Cz, TP9 and TP10. The volume conductors were constructed with an EEG (three-shell) boundary element model. The average PP responses were then inverted at the group level, using the multiple sparse prior technique (Bayesian approach), specifically the "Greedy Search" algorithm Litvak and Friston, 2008) . Since the goal of the current study was the investigation of PP responses before sound onset, we focused only on those conditions that elicited negative slow wave potentials before sound onset (i.e. whistle, hand clap and pure tone). Activation maps were then smoothed using a Gaussian kernel of full-width at half-maximum (FWHM) of 12 mm, resulting in three images per participant. To test whether the action sound and pure tone expectations differed in their activations, we first averaged the two human-action conditions (i.e. whistle and hand clap) and we compared the average images with the pure tone expectation sources by means of a voxel-by-voxel paired t-test on both the whole brain and on regions of interest (ROIs). To this end, we created a mask image that included somatosensory (Brodmann area, BA 3), primary motor (BA 4) and premotor (BA 6) areas, using the WFU_-PickAtlas (Maldjian et al., 2003) . Therefore, we also compared the two human-action sound expectations (i.e. whistle and hand clap) with a voxel-by-voxel paired t-test for the same regions of interest (ROIs). For all the statistical analysis on sources, p values were thresholded at p ¼ 0.05 corrected for multiple comparisons using the Family-wise error (FWE) procedure; significant clusters were considered only if they included > 90 voxels.
Post-deviant stimulus potentials: Two word-related negative-going potential components following deviant (word) stimuli were analyzed, the early negative-going peak at~100 ms and the subsequent negativegoing peak at~550 ms with a latency (i.e. within 200 ms from word recognition point, see above). In line with previous reports on wordevoked MMN responses in natural sound contexts (Grisoni et al., 2016) , we did not compute the difference waveforms before extracting the MMN responses. The early response can be seen as an index of speech sound perception (as all word stimuli started with the syllable 're'), whereas the late one may also include information about cortical processes related to the semantic understanding of the stimulus words. As an oddball paradigm was implemented, using sounds as frequently occurring standard stimuli and spoken words as rare 'deviant' stimuli, we assume that the latter elicited (apart from a P100, N100 and N200/300) a mismatch negativity, or MMN. Previous studies have calculated MMNs from similar experimental data (Grisoni et al., 2016) and showed its dependence on deviant stimulus context (Sussman-Fort and Sussman, 2014). Since we here observed similar dynamics in the compound responses to the deviant stimuli as seen before in the MMN, we speak of 'MMN-like responses'. Word-elicited early-MMN-like ERPs. First, we assessed the early-MMN-like responses from the average of 9 fronto-central electrodes (F1, Fz, F2, FC1, FCz, FC2, C1, Cz, C2), where the MMN is known to be largest (N€ a€ at€ anen et al., 2007) and therefore the best SNR can be expected. The first MMN-like response was calculated as the mean amplitude in the 60 ms time window centered at 110 ms for the word 'reden' and at 140 ms for the word 'Regen' from word onset. These latencies were defined from the grand average obtained by collapsing the two word responses across all conditions (i.e. whistle, hand clap, pure tone, water drop). The local maximum, within the interval 0-200 ms from word onset (when the MMN response usually appears) (Shtyrov et al., 2014) , was then used to define the latency. Potential effects of word and context were assessed with a 2 Â 4 repeated-measures ANOVA with the factors Word ('reden', 'Regen') and Context (whistle, hand clap, pure tone, water drop sounds). Furthermore, we performed a statistical evaluation of the early-MMN-like response using a canonical pre-stimulus baseline. To this end, we applied the baseline correction in the last 200 ms before deviant onset (i.e. for entire duration of the PP). Potential effects of word and context on early-MMN-like responses, defined with the canonical baseline, were assessed at frontocentral electrodes with a 2 Â 4 repeated-measures ANOVA including the factors Word ('reden', 'Regen') and Context (whistle, hand clap, pure tone, water drop).
In order to test any functional relationship between the early-MMNlike and PP responses, we performed a Pearson correlation analysis between these 2 ERP components. To this end, the two word-related responses (i.e. 'reden' and 'Regen') were averaged in each sound context (i.e. whistle, hand clap, pure tone and water drop), and correlations were computed between the mean amplitudes of the early-MMN-like responses (60 ms centered at the local maximum) and the pre-deviant activity (last 60 ms before deviant onset). However, to reduce the risk that any correlation was affected by the spreading of activation from the anticipatory activity (i.e. the PP before deviant onset) to the neighboring time points where the first prediction error responses occurred (i.e. early-MMN-like), the early-MMN-like responses were computed with the canonical pre-stimulus baseline (see above). These analyses were performed on the average signals recorded from four electrodes placed above the auditory area (right: T8, TP8, FT10, FT8) and from four frontocentral electrodes where both, the PP and MMN responses, are usually larger (central: F3, F4, C3, C4). Furthermore, to exclude the possibility that the linear relationship could have been influenced by the late PP to the post deviant response, we subtracted the PP mean amplitudes (extracted from the last 60 ms before deviant presentation) from the early-MMN-like responses (which had been calculated relative to a pre-PP baseline). This correlation analysis was performed for fronto-central left (average of F3, F5, FC3, FC5) and right (average of F4, F6, FC4, FC6) electrode locations in action-related conditions (i.e. whistle and hand clap collapsed), while for the pure tone condition, we correlated the PP mean amplitudes from the right electrodes (average T8, TP8, FT10, FT8) with the early-MMN-like responses extracted from both the frontocentral left (average of F3, F5, FC3, FC5) and right (average of F4, F6, FC4, FC6) electrodes.
As for each sound (i.e. whistle, hand clap, pure tone and water drop), 2 locations (i.e. central, right) were tested, the Bonferroni corrected p values were obtained by multiplying the p values by 2. Furthermore, in order to test whether there was a linear correlation between the anticipatory activity and the early-MMN-like response, only in those conditions where the PP was observed (i.e. whistle, hand clap and pure tone), we performed the difference test of the correlation coefficients (one-sided). The difference between the correlation coefficients was computed using Fisher's r to z transformation. This transformation allows to compare z scores which can be analyzed for statistical significance by determining the observed z test statistic. In particular, it has been tested whether the significant correlations observed in the sound contexts eliciting the PPs were still significant after having subtracted the correlation coefficients observed in the water drop condition.
Word-Elicited late-MMN-like ERP. The second response following the deviants was calculated as the mean amplitude in the 60 ms time window at the same electrodes specified above and centered at 548 ms for the word 'reden' and at 564 ms for the word 'Regen'. These latencies were defined from the grand average of the two words as the local maximum within the interval 400-600 ms from word onset, that is, within 200 ms from word recognition point (see above) when MMN responses usually appear (Shtyrov et al., 2014) . Potential effects of word and context were assessed with a 2 Â 4 repeated-measures ANOVA with the factors Word and Context. Furthermore, we performed the same statistical evaluation of the late-MMN-like responses using the canonical pre-stimulus baseline (i.e. 200 ms before deviant onset, see above).
For further investigation of any significant main effects and interactions revealed by ANOVAs, F-tests were used for planned comparisons. All results reported survived a Bonferroni correction. Partial etasquares (ηp 2 ) are reported as indices of effect size (Cohen, 1973) . Mauchly's test of sphericity was performed for all designs including at least one within-subject factor with more than two levels. When sphericity violations were detected, Greenhouse-Geisser correction was applied (Greenhouse and Geisser, 1959) and corrected p values are reported along with epsilon (ε) values for all significant main effects and interactions involving factors with more than two levels. Fig. 1 . Stimulus properties and stimulus-elicited pre-activations. a: Spectrograms with a logarithmic scale of the action and non-action sound stimuli, which were used as frequent standard sound stimuli (frequency is plotted against time, the color code gives spectral power). b: PP curves in anticipation of face-(blue) and hand-related (red) sound recorded from central electrodes (average of C1, C2, CP1, CP2, CPz, Cz, FC1, FC2, FCz). The light grey window shows the last 60 ms before sound onset; the voltage maps in the insets display the voltage scalp distribution 10 ms before deviant onset. c: PP curves in anticipation of pure tone (green) and water drop (brown) sounds recorded from right-temporal electrodes (average of T8, TP8, TP10). Once again, the light grey window shows the last 60 ms before sound onset and the insets display voltage scalp distribution 10 ms before deviant onset. d: Source analysis results comparing the sources underlying face-and hand-related sound expectations within the sensorimotor cortex (see Methods). Lateral regions (blue) revealed a significant contrast of face-> hand-related sound pre-activations, whereas dorsolateral sources showed the opposite contrast (red). Panel e shows the significant clusters of activations (FWE corrected) underlying human-action (i.e. face and hand collapsed) and non-action (i.e. pure tone) sound expectations: Tone > Action sound (green) and Action sound > Tone (magenta). Panel f shows the statistically significant clusters after small volume correction within the Region of Interest in sensorimotor cortex (see Methods) for the contrast: Action sound > Tone (magenta).
Results
Pre-stimulus anticipatory activity. In order to test anticipatory activity before sound expectation, we focused on the activity 60 ms before word deviant presentation, that is when participants were expecting to perceive a standard sound (i.e. whistle, hand clap, pure tone or water drop). Before deviant presentation, the two human-action sound contexts (i.e. whistle and hand clap) showed a slowly emerging negative-going potential whose negative polarity and growing shape of the waveform at the midline electrodes (see Fig. 1b) is consistent with the RP profile (Deecke et al., 1969) while the pure tone expectation showed an anticipatory activity that was most pronounced at lateral electrodes (see Fig. 1c ). The environmental non-action sound (water drop) showed an anticipatory positivity. The anticipatory negativities for the action sound conditions (i.e. whistle and hand clap) and the anticipatory positive shift for the water drop sound were significantly different from zero (whistle: central electrodes: t ¼ À4.54, p < 0.001; hand clap: t ¼ À3.84, p < 0.001; water drop: t ¼ 4.63, p < 0.001). As the pure tone condition did not show a PP-like potential at frontocentral electrodes (pure tone: t ¼ 0.76, p ¼ 0.45), but a negative going wave at bilateral temporo-parietal recording sites instead, this anticipatory potential was analyzed at electrodes T8, TP8, FT10, FT8, T7, TP7, FT9, FT7 where it was significantly different from zero (pure tone: t ¼ À2.99, p ¼ 0.007). The repeated measures ANOVA performed on the last 60 ms before deviant onset on canonical site for the PP (i.e. fronto-central electrodes) revealed a main effect of Sound (F 3,63 ¼ 21.3, p < 0.001, ε ¼ 1, ηp 2 ¼ 0.5). Bonferroni-corrected planned comparisons showed that expectations to whistle and hand clap sounds induced similar PPs (p > 0.5) that were both larger than the activity elicited by the pure tone (both p < 0.006) and water drop (both p < 0.001) conditions. Crucially, the water drop condition led to a larger positive activity before word onset compared to the pure tone condition teractions. Interestingly, the two human-action sound expectation conditions did not show any significant modulations depending on the laterality of the electrodes, while the pure tone condition showed a strong lateral distribution, with smaller anticipatory activity at midline electrodes in comparison to the left-(p ¼ 0.009) and right-most (p ¼ 0.005) electrodes whose activity with negative polarity was larger compared to the water drop condition (both p < 0.001). Water drop sound expectation induced a broad anticipatory positive shift which was larger at central electrodes in comparison to the most left (p < 0.001), but not to the most right, electrodes (p ¼ 0.11).
Source analysis. Since we were mostly interested in PP responses, we focused the source analysis solely on those conditions that elicited a clear negative slow-wave potential (i.e. whistle, hand clap and pure tone). We calculated the neuronal sources underlying the anticipatory signals to test our hypothesis of specific cortical activation patterns induced by sound expectations. First, we compared the sources underlying the anticipatory activity before (i.e. 60 ms) pure tone and human-action sound onset (i.e. whistle and hand clap collapsed, see Materials and Methods). The whole-brain Action > Tone contrast revealed significant clusters in right inferior frontal areas and inferior temporal poles, while the opposite contrast Tone > Action revealed a significant cluster located in the right superior temporal gyrus (see Fig. 1e and Table 2 ). The same contrast restricted to somatosensory and motor areas (i.e. BAs: 3, 4 and 6; see Materials and Methods) revealed significant clusters located in both right and left motor areas just for the Action > Tone contrast, while the opposite Tone > Action contrast did not reveal any significant clusters (see Fig. 1f and Table 2 ). Then, we tested for differences in cortical sources between the different human-action sounds (i.e. whistle and hand clap) expectations. Here, the whole-brain contrasts (i.e. whistle > hand clap and hand clap > whistle) did not show any significant clusters, however the same contrasts restricted to somatosensory and motor areas (i.e. BAs: 3, 4 and 6) demonstrated a relatively larger activation in the ventrolateral pre-central areas for whistle expectation (i.e. whistle > hand clap) and greater activations for hand-related compared with face-related sound expectation in dorsolateral pre-central areas (see Fig. 1d and Table 2 ).
Post-deviant stimulus potentials. As indexes of expectancy violations, we investigated two post-deviant responses, the first of which occurred with a latency of~120 ms (i.e.~300 ms before word recognition point, see Materials and Methods) and the second around 550 ms and therefore within 200 ms from the words' recognition points, that is, from the earliest point in time when the words could first be understood (see also Fig. 2 a, b) .
Word Table 2 Source analysis results. For all significant clusters, the table displays the MNI coordinates of the voxel with highest t value, its t value, the number of significant voxels per each significant cluster, FWE-corrected p value, and the Brodmann area labels where the "peak voxel" was found, along with a description of the cortical area where the active cluster was located. Indeed when we removed the outlier, the PP recorded at right-sided electrodes significantly correlated with the early MMN-like responses recorded at fronto-central right electrodes (r ¼ 0.46, p ¼ 0.034, uncorrected). At fronto-central left-hemispheric electrodes, the correlation was stronger (r ¼ 0.43, P ¼ 0.05, uncorrected). The water drop condition did not show any significant correlations. The difference test on the correlation coefficients confirmed that the above reported significant correlations survived when the corresponding water drop correlation coefficients were subtracted (Difference between two correlation coefficients: whistle minus water drop at central electrodes: p ¼ 0.047; hand clap minus water drop at central electrodes: p ¼ 0.027; hand minus water drop at right electrodes: p ¼ 0.002; pure tone minus water drop at right electrodes: p ¼ 0.02).
MNI coordinates t-values
Word-elicited late-MMN-like ERPs. The second word-elicited responses were recorded at a later latency (i.e. within 200 ms from word recognition point), most likely reflecting the semantic integration of word meaning with sound-related predictions based on context (see Fig. 2a-c) , in accordance with previous work (Pulvermüller et al., 2001 ; Shtyrov and Pulvermüller, 2007 late-MMN-like responses elicited by the word 'reden' in the hand clap and pure tone sound contexts were similar (p > 0.5) and larger relative to both responses in the whistle (p ¼ 0.01 and p ¼ 0.02, respectively) and water drop (p ¼ 0.002 and p ¼ 0.002, respectively) contexts which did not differ between each other (p > 0.5). Vice versa, the word 'Regen' showed significantly smaller late-MMN-like responses in the water drop condition, in comparison to whistle (p < 0.001), hand clap (p < 0.001) and pure tone (p < 0.001) sound contexts, which, again, did not differ between each other (all p > 0.5) (see Fig. 2e ). Results for the semantically-related dynamics of the late MMN-like responses remained unchanged when the canonical baseline was used. In sum, the word-related late-MMN-like responses elicited in action (i.e. whistle, hand clap) and non-action (i.e. pure tone) conditions, were larger as compared to the word-related responses observed in the natural water drop sound context, with the exception of the body-part-congruent condition (i.e. the word 'reden' in the whistle sound context), a modulation in line with the neurophysiological manifestation of somatotopic semantic priming (Grisoni et al., 2016) . No similar semantic priming effect was seen for the other word ('Regen' with the meaning 'rain'), which is not semantically related to human-action sounds and whose semantic ties to the water drop sound were not reflected neurophysiologically. The same analysis performed with the canonical baseline correction (i. 
Discussion
When healthy volunteers expected human-action-related (whistle or hand clap) as well as non-action simple (pure tone) and complex environmental sounds (water drop), an anticipatory slow wave potential gradually developed before the onset of the expected sound. In case of action-sounds, the polarity (i.e. negative) and topography (i.e. maximal at fronto-central recording sites) was reminiscent of the RP (see Fig. 1b and c). However, for non-action sounds, a different topography (strongly lateralized for simple sounds) or polarity (positive for water drop sounds) was present. The cortical topographies and sources of anticipatory signals differed between the sound stimuli and may index the pre-activation of the cortical representations or 'memory traces' of the sounds (see Fig. 1d-f) . Specifically, predicted human-action sounds typically produced using different effectors elicited anticipatory brain activity originating from concordant sections of the sensorimotor cortex: hand action sound expectation (of hand clapping) was associated with dorsolateral hand motor area activation, whereas face action sound expectation (of whistling) was mirrored in ventral motor cortex. These novel findings about cortical source activations demonstrate a somatotopic pattern of activity (see Fig. 1d ) when individuals are anticipating or predicting sounds carrying semantic meaning related to human actions executed with different body parts. In contrast, the expectation of pure tone sounds was reflected by predictive activity in right anterior superior temporal cortex, in proximity to Heschl's gyrus (in particular BA 22, see Fig. 1e ). Furthermore, we observed a systematic linear relationship between the activity preceding and following the occasionally presented deviant stimulus words. Intriguingly, action sound contexts generally increased the amplitude of the early (phonological) MMN-like responses to rare deviant spoken words (see Fig. 2a,b,d ) while the late MMN-like responses were modulated dependent on the semantic relationship between standard sound and deviant word (see Fig. 2a,b,e) . In particular, there was a substantial late MMN-like response to the word meaning "to speak" in incongruent context. However, in congruent contexts, when the mouth action sound (whistling) primed this meaning, the late MMN was reduced. No comparable effects were seen for the control word unrelated to action (rain), or in the context of action-unrelated sounds. The functional link between anticipatory and post-stimulus responses was manifest in the significant correlation between the anticipatory activity in expectation of a standard sound and the early-MMN-like response to the deviant word stimulus violating this expectation (see Fig. 2f ).
Prediction Potential (PP). This study revealed the emergence of negative slow wave potentials before the actual presentation of deviant words. This ERP occurred when participants expected to perceive the predictable standard sound stimuli and, as mentioned before, the expectations of different sounds were reflected by specific sources in somatosensory and motor (i.e. human-action sound) or auditory (i.e. pure tone) areas. However, the slow, negative, expectation-related potentials did not emerge for complex natural non-action (i.e. water drop) sounds. In contrast, water drop sound expectations elicited a sustained positivity whose interpretation is not trivial. We speculate that this topographically broad sustained positivity might be due to the distribution of the cortical representation of this sound (see our earlier remarks in the Introduction above). Environmental non-action sounds are likely to activate not only areas of the auditory cortex during perception, but, in addition, due to their various conceptual-semantic links, they are likely to activate additional sources in ventral (what) and dorsal (where) visual streams in parietal, temporal and occipital lobes of both hemispheres (Lewis et al., 2004) . Furthermore, action-associations may also be linked to such sounds, at least in some individuals and contexts, so that some additional frontocentral activity appears plausible, too. This explanation is supported by previous functional magnetic resonance imaging (fMRI) data showing that independent of the task, environmental sounds activate more variable locations across participants as compared to human-action sounds (Engel et al., 2009) . Future studies could address this hypothesis by testing whether the anticipatory positive slow-wave potential is a common neural signature for environmental sounds. Furthermore, if we assume that environmental sounds activate more variable locations, one would then expect similar topographical and source distributions of the positive slow-wave potentials anticipating different environmental sounds.
Predictable simple sounds (sine wave tones) for which focal cortical representations in auditory areas can be assumed, elicited anticipatory brain activity with topographies and underlying cortical source distributions that differed substantially from those of action sounds. As mentioned, predicted human-action sounds related to different effectors (face and hand) elicited anticipatory brain activity with neuronal sources located in specific sections of the sensorimotor cortex, indicating a somatotopic pattern of brain activation (Hauk et al., 2006; Keysers et al., 2003; Kohler et al., 2002 ) (see Fig. 1d ) that is consistent with the semantic meaning of these anticipated sounds, even before they appear. In line with this, expecting pure tone sounds activated the right superior temporal auditory areas where, neurons whose perceptual fields are sensible to the frequency of the pure tone stimulus (i.e. 1000 Hz) might have been activated (Manoussaki et al., 2008; Talavage et al., 2004; Zatorre et al., 2002 ) (see Fig. 1e ). Overall, these results are consistent with the view that prior expectations can induce pre-activations of cortical representations of stimuli involving specific sensory and motor cortical areas. It should be noted, however, that the pre-activations only partially resembled the Readiness Potential: the topographical distribution in the pure tone sound condition indicated temporal sources instead of frontal ones and the polarity of the PP in anticipation of environmental sounds was positive instead of negative. Therefore, in this study, it is justified and less ambiguous to use the novel term Prediction Potential (PP) for referring to the newly discovered anticipatory activity. One may still argue that the PP does not reflect a predictive mechanism, but some persisting activity from the preceding stimulus. However, two arguments speak against this possible interpretation. Firstly, the PP response smoothly increases its amplitude as the expected sound is approaching (see Fig. 1 ). This pattern is consistent with the predictive interpretation: it contrasts the hypothesis of a persisting response from the preceding stimulus, for which it would be reasonable to expect a constant, or even decreasing, ERP waveform. Secondly, the PP has the characteristic shape, polarity and latency of the slow waves observed before predictable, but not before unpredictable words (Grisoni et al., 2017) . Therefore, these arguments support the interpretation of the predictive nature of the PP.
Early-MMN-like responses. Here we also tested whether the PP predicts the amplitude of prediction error responses (i.e. MMN) when the sound expectations were violated. To this end, early-and late-MMN-like responses elicited by two German words were studied: reden (to talk) and Regen (rain). The first peaks of the early-MMN-like responses, appearing at 110 ms for the word reden and at 140 ms for the word Regen, indexed the perceptual differences between the expected sounds and the initial syllable of the word. Note that this early response is occurring far too early in time to directly reflect word recognition or comprehension, as they appeared substantially before the so-called "word recognition point" of these lexical items. This point, at which the words can first be recognized and understood with confidence (Warren and Marslen-Wilson, 1987) was around 460 ms for the word "reden" and at 400 ms for "Regen" (see Materials and Methods) . Consistent with the acoustic/-phonological nature of the early-MMN-like responses, the two words starting with the same phoneme bigram ([rε:]) were enhanced exclusively in the conditions with relatively larger PPs (i.e. whistle, hand clap and pure tone), whereas a minimal or even absent response was seen for the water drop sound context (see Fig. 2a,b,d ). This pattern of results confirms our expectations of larger prediction error responses when a perceptual mismatch between the expected and the perceived sound is detected. As further evidence of the functional link between the pre-activations (i.e. PP) and the prediction error responses (i.e. early-MMN-like), correlations analyses confirmed a linear relationship between these two brain responses (see Fig. 2f ). The PP before deviant onset, when participants expect human-action sounds, and the early-MMN-like responses to the expectation-violating language sounds significantly correlated at central regions in both the action sound conditions and, in addition, at right electrodes in the hand clap sound condition (see Fig. 1e and f) . Crucially, only recordings from above the right temporal cortex showed a significant correlation between the anticipatory component, in the context of pure tone, and the subsequent early-MMN-like response. Note that these electrodes were close to the right auditory area that was preferentially pre-activated during pure tone expectations (see Fig. 1e ). Furthermore, the correlations between PP and MMN-like responses for the action and pure tone contexts were significantly stronger than the same (non-significant) correlation seen to natural non-action sounds.
An alternative explanation of the observed significant correlations might be related to the spreading of pre-stimulus activation to the early post-stimulus response. It might, in principle, be possible that the PP does not immediately cease when the stimulus appears, but rather persists when the unexpected deviant stimulus appears. This assumption could account for the linear relationships between pre-and early post-stimulus components (see Fig. 2f ). To minimize this possible confound, the correlations were performed not only on the PP and MM-like responses both references to the pre-PP baseline, but, in addition, using the early-MMNlike responses computed relative to the canonical pre-(word)-stimulus baseline (see Methods). In this case, any component equally affecting preand post-stimulus intervals should be removed from the MMN-like response results. The persisting significance of the correlations argues against the possibility that an overspill of the PP to the post-stimulus intervals accounts for the results.
One may still argue that the anticipatory wave might increase continuously not only before the stimuli, but also after the appearance of the deviant stimuli. This theoretical possibility, which cannot be ruled out with certainty, still opens a possibility why, still after calculating MMN-like responses relative to the canonical pre-stimulus baseline, a significant pre-vs. post-deviant correlation could be due to a 'universally raising' anticipation wave. However, we wish to argue that several reasons speak against this possibility. Firstly, the known anticipatory ERP waves, the RP and CNV, precede, but do not follow the critical responses or stimuli. Secondly, the present pattern of results speak against the postdeviant raise of the expectancy wave. If we assumed that the anticipatory activity steadily increased after stimulus presentation, we would expect the two action-related sound contexts eliciting larger early-MMN-like responses at fronto-central electrodes as compared to the pure tone condition, because the former sound contexts elicited larger PP responses at those channel locations as compared to the pure tone sound expectation. However, in our study, this was not the case. Thirdly, our previous data (Grisoni et al., 2017) indicate that the PP before predictable stimuli tends to be reduced at stimulus onset, similar to the RP, which is also sometimes reduced with regard to amplitudes before stimulus onset (Kornhuber and Deecke, 2016) . Therefore, our findings speak in favor of the interpretation that pre-stimulus expectation potentials and early post-deviant responses are functionally related, and that this relationship is not explained by 'universally raising' anticipatory waves and component spill-over.
Late-MMN-like responses. The local peak of the second prediction error index appeared around 548 ms for the word 'reden' and around 564 ms for the word 'Regen'. Although these neurophysiological responses emerged only relatively late, they were present within 200 ms from the word recognition point (i.e. 460 ms for 'reden' and 400 ms for 'Regen', see Materials and Methods), thus reflecting rapid access to word meaning (Pulvermüller et al., 2009) . Consistent with these previous results, we observed a modulation of the late-MMN-like semantic responses to both, context and word type. Indeed, although we observed generally larger late-MMN-like responses in sound contexts (eliciting the largest PP, see Fig. 2e ), we found a significant reduction of the late-MMN-like responses to the face-action-word (i.e. 'reden') in the body-part-congruent face-sound context (i.e. whistle, Fig. 2e ). This result is consistent with the neurophysiological correlate of semantic priming, which was previously reported to be manifest in specific sensorimotor areas when action sounds primed body-part-congruent action words (Grisoni et al., 2016) . Note again that earlier work had shown the somatotopic activation of (mouth and hand) motor regions in the processing of action words (such as 'bite' vs 'grasp') (Hauk et al., 2004; Pulvermüller and Fadiga, 2010) . The finding of semantic priming effects in sensorimotor regions provides an important argument that this activation is indeed semantic-conceptual in nature. The priming effect (here: between whistle sound and the word "reden") may be due to partially overlapping cortical representations of the whistle sound, which was pre-activated in face motor representations (see Fig. 1d ) and that of the face-related word activated by the deviant stimulus. This semantic priming effect explains the reduction of the semantic prediction error response (Grisoni et al., 2016) . We did not find a similar semantic priming effect for the word 'Regen', likely due to the absence of a pronounced negative deflection in the water drop sound context.
Which model provides the best explanation of the interplay between PP and MMN-like responses? Since the discovery of the MMN (N€ a€ at€ anen et al., 1978) , several neurophysiological models and theories have been promoted to explain this ERP component. One of these recently, the adaptation hypothesis, interprets the MMN response as a local increase of neuronal activity, within auditory (or other sensory) areas, as compared to the attenuated and delayed auditory response due to the local adaptation induced by the standard sound repetitions. In this view, the MMN is not considered as a separate ERP component, but as an adaptation-related enlargement of the N100 response (i.e., the early ERP marker of auditory response peaking at about 100 ms from sound onset) (Jaaskelainen et al., 2004; May and Tiitinen, 2004) . Although local adaptation can explain aspects of auditory change detection, particularly when the acoustic violation concerns low-level acoustic parameters (e.g. frequency), it cannot easily explain other MMN modulations, for example the emergence of MMNs to standard sound omissions (Yabe et al., 1997) .
Furthermore, the adaptation hypothesis cannot explain the emergence of stronger brain responses (i.e. larger MMNs) for familiar as compared to unfamiliar acoustic stimuli, for example words vs. pseudowords (Garagnani and Pulvermüller, 2011) . Neither can this hypothesis explain the different MMN topographies and sources elicited by meaningful words. Indeed, this perspective has the limitation to restrict the sources underlying the sound-elicited MMN to auditory areas. Contrasting with such restriction, numerous studies showed that the sources underlying the MMN reflect long-term memory traces involving (but not restricted to) prefrontal executive and frontocentral sensorimotor areas (Hauk et al., 2006) (Grisoni et al., 2016; Shtyrov et al., 2014) (Cook et al., 2014; Schomers and Pulvermüller, 2016) . Finally, as far as we can see, the adaptation hypothesis does not offer a perspective on explaining predictive brain activity, including the PP, or the relationship between predictive and MMN like activity as observed in this present study.
Following the principal insight that the MMN reflects detection of 'change' and thus a discrepancy between an expected and an observed stimulus (N€ a€ at€ anen, 1990) , the predictive coding framework (Friston, 2010) conceives the MMN as a 'prediction error' response. In this perspective, the perceptual brain generates expectations of the upcoming stimuli and, if perceived stimuli violate these expectations, a prediction error response emerges as a result of the adjustment of the neural system implementing the model (Garrido et al., 2008; Lieder et al., 2013) . A principle problem of this approach was, that, until recently, the 'prediction error response' was available, materializing as an MMN or MMN-like ERP, but the postulated prediction process itself remained 'hidden' and unobservable, at least for the eye of the non-invasive neurophysiologist. Here, we report a brain correlate of perceptual predictions, the PP. This novel index enables predictive coding theories to test their predictions in a much more explicit way than hitherto possible, as prediction and prediction error responses can be obtained in the same experiment and related to each other. The significant correlations between pre-and post-deviant ERPs in our study indicate that, the stronger any predictions about the appearance of a standard stimulus become, the greater the 'surprise' (prediction error) effect to the unexpected deviant will be. Such a significant correlation (here calculated across subjects) is relevant for any theory relating prediction to perception as well as to recognition processes. Indeed, the findings confirm a major claim of prediction error theory and support the notion that the MMN is informative with regards to the strength of standard stimulus predictions and the resultant unexpectedness of the perception of the deviant stimulus (i.e. prediction error): Those subjects that show the clearest brain indices of prediction also show the greatest prediction error responses and those with little neurophysiological evidence for prediction processing produce very little prediction error These results may also contribute to the frequently raised question why some subjects seemingly do not show any MMN responses at all.
The model-adjustments hypothesis (Escera et al., 2003; Rinne et al., 2000) , another offspring of the change detection framework, conceives the MMN response as an index of the updating of a standard perceptual model, when a new stimulus (i.e. deviant) does not match with this model. In essence, this represents an explanation based on the detection of deviancy between the standard memory trace and the unexpected novel sound. In this view, the MMN is considered an error response caused by a deviation from a learned regularity. A related proposal specifies the mechanisms of change detection in terms of distributed neuronal memory circuits or cell assemblies. This model has been used to account for several mechanisms including prediction, working memory, attention and arousal by grounding these cognitive processes in neuronal mechanisms such as accumulation of neuronal activity in neuronal memory circuits, activity maintenance therein, neural adaptation, and local inhibition (Garagnani and Pulvermüller, 2011; Tomasello et al., 2017) . In this respect, it is of great relevance that not only simple tone stimuli, but in particular meaningful sounds and spoken words show specific patterns of MMN responses, which have been interpreted as evidence for the existence of memory circuits for phonemes (N€ a€ at€ anen et al., 1997) , familiar sounds (Frangos et al., 2005; Hauk et al., 2006) , words (Korpilahti et al., 2001; Pulvermüller et al., 2001 ) and even sentential constructions (Hanna and Pulvermüller, 2014; Leminen et al., 2011) .
The neuronal circuit model offers emerging, steadily increasing activity in a semantic memory circuit (Garagnani and Pulvermuller, 2013) as the basis of the PP. These circuits would involve generators in auditory areas for pure tones, but for meaningful action sounds and words, sources in specific sensorimotor areas would dominate, thereby reflecting aspects of their iconic or symbolic meaning (Hauk et al., 2006; Shtyrov et al., 2014) . The same generators are involved when predicting an upcoming stimulus (Grisoni et al., 2017) and when unexpectedly perceiving a similar stimulus in a semantically-mismatching context; if a stimulus appears in a context where it matches semantic expectation, semantic priming between memory circuits reduces its neurophysiological response (Grisoni et al., 2016) . Thus, the circuit model offers an explanation for the dynamics and different topographies of the observed predictive and prediction error potentials. Both the model-adjustments hypothesis and the semantic circuit model can explain a broad range of MMN modulations and offer perspectives for integrating MMN with prediction mechanisms.
Conclusions
Our findings provide insight into the brain mechanisms of sound processing with a particular focus on sound discrimination. The data demonstrate that sound expectation activates specific cortical areas, depending on the nature and semantic meaning of the stimulus. Expectations of sounds semantically related to human actions (e.g. a whistle or hand clap) induced somatotopic pre-activations in the respective sections of somatosensory and motor cortex. Sounds not associated with human actions (i.e. pure tones) pre-activated areas in the auditory cortex before participants were actually hearing these sounds. Indeed, these preactivations could predict the brain activation responses when participants were presented with unexpected phonological stimuli. Interestingly, the PPs predicted the post-stimulus cortical responses for the perceptual low-level (i.e. Early-MMN-like) responses. The late MMN-like response was larger to the word "talk" in hand clap and tone than in whistle context, thus reflecting the degree to which sound context and word meaning matched semantically. These novel findings suggest that predictive brain activity before the onset of stimuli is essential for understanding post-stimulus cortical dynamics and the cognitive processes they reflect. In particular, research on anticipatory signals in perception may help to better understand the neuronal mechanisms of and the interplay between predictive processes and prediction resolution in human cognitive processing.
